Objective-Cholinergic pathways of the autonomic nervous system are known to modulate inflammation. Because atherosclerosis is a chronic inflammatory condition, we tested whether cholinergic signaling operates in this disease. We have analyzed the expression of the α7 nicotinic acetylcholine receptor (α7nAChR) in human atherosclerotic plaques and studied its effects on the development of atherosclerosis in the hypercholesterolemic Ldlr -/-mouse model. Approach and Results-α7nAChR protein was detected on T cells and macrophages in surgical specimens of human atherosclerotic plaques. To study the role of α7nAChR signaling in atherosclerosis, male Ldlr -/-mice were lethally irradiated and reconstituted with bone marrow from wild-type or α7nAChR-deficient animals. Ablation of hematopoietic cell α7nAChR increased aortic atherosclerosis by 72%. This was accompanied by increased aortic interferon-γ mRNA, implying increased Th1 activity in the absence of α7nAChR signaling.
T he autonomic nervous system is a major regulator of homeostasis. Besides its classical role in regulating heart rate, blood pressure and respiration, recent data show that the vagal nerve, which constitutes the major efferent parasympathetic tract, modulates immune activity and inflammation. Several studies demonstrate that vagal stimulation decreases proinflammatory responses in acute experimental models. [1] [2] [3] The ability of vagal nerve stimulation to control and dampen inflammation has been referred to as the cholinergic antiinflammatory pathway. 4 The effect of vagal anti-inflammatory signaling is mediated by nicotinic receptors containing the α7 subunits (α7nAChR). 5 
α7nAChR
+ macrophages have been identified as direct targets of acetylcholine action and T cells as acetylcholine-synthesizing cells that relay the vagal signal. 6 Several acute experimental models provide solid evidence for the interplay between the nervous and the immune system; however, it remains to be explored whether the cholinergic anti-inflammatory system operates to maintain immunologic homeostasis in chronic inflammatory diseases, such as atherosclerosis. In the current study, we set out to determine whether α7nAChR is present in human atherosclerotic lesions and to investigate the effect of α7nAChR-mediated signaling on the development of atherosclerosis in hypercholesterolemic mice. Our data identify an important atheroprotective action of α7nAChR signaling.
Methods
Human carotid endarterectomy specimens were examined for α7nAChR mRNA and protein expression. A bone marrow (BM) transfer strategy was used to investigate the role of α7nAChR on hematopoietic cells for progression of atherosclerosis in Ldlr -/-mice. For details, see the online-only Data Supplement.
Results

α7nAChR Is Expressed in Human Atherosclerotic Lesions
Advanced atherosclerotic lesions of the carotid artery were obtained at surgery and analyzed for the expression of α7nAChR protein. Staining for the α7nAChR was detected in 7 of 10 atherosclerotic lesions. Immunoperoxidase staining revealed a significant population of cells present in inflamed regions of plaques ( Figure 1 ). The protein expression pattern of α7nAChR coincided with that of both CD68 + and CD163 + macrophages, as well as T-cell marker CD3, but to a less extent with smooth muscle and endothelial cells ( Figure 1A-1F) . In inflamed areas of the plaque, where 39±5% of the cells were CD3 + T cells and 19±4% CD68 + macrophages, α7nAChR protein was expressed by 67±5% of all cells. This implies that in inflamed areas, the majority of α7nAChR + cells were of immune origin. This was confirmed by doublestaining, by which α7nAChR protein was identified on CD68 + macrophages ( Figure 1G ). α7nAChR was also detected on the CD163 + subset of macrophages, suggesting expression in alternatively activated M2 macrophages ( Figure 1H ). Furthermore, α7nAChR colocalized with a subset of CD3 + T cells in the lesions ( Figure 1I ). Single-channel micrographs of immunofluorescent staining are shown in Figure I in the online-only Data Supplement.
The global gene expression array database of the BiKE biobank was interrogated for α7nAChR mRNA expression pattern. We found a significant correlation between mRNA for α7nAChR, Chrna7, and M2 markers CD36 and CD163. The expression levels of Chrna7 and CD36 had a Pearson correlation coefficient of 0.346 (P=2.6e-04) and for Chrna7 and CD163 the Pearson correlation coefficient was 0.282 (P=0.0033). Although relatively weak correlations, this further supports that α7nAChR was expressed by alternatively activated M2 macrophages.
Increased Atherosclerosis in α7nAChR
The finding of α7nAChR on immune cells in human atherosclerotic lesions prompted us to explore whether α7nAChR expression by hematopoietic cells affects atherosclerosis in an experimental model. BM was transplanted from Chrna7 -/-mice lacking α7nAChR, or wild-type mice to irradiated Ldlr -/-mice that were fed a cholesterol-rich diet for 8 weeks to promote hypercholesterolemia and atherosclerosis. Mice reconstituted with α7nAChR -/-BM displayed a dramatic 72% increase in atherosclerosis in the aortic root ( Figure 2A ). When compared with lesions of mice transplanted with wildtype BM, those of mice receiving α7nAChR -/-BM were more advanced with large lipid deposits. Body weight was not influenced by the lack of α7nAChR in BM cells or did plasma cholesterol levels change (Table I in the online-only Data Supplement). Immunostaining for the macrophage marker CD68, the adhesion molecule vascular cell adhesion molecule 1 (VCAM-1), or the T-cell marker CD3 did not show any differences between groups ( Figure 2B ).
Aortic samples from α7nAChR
-/-×Ldlr -/-chimeras exhibited increased mRNA expression of the proinflammatory Th1 cytokine interferon-γ (IFNγ; Figure 2C ). In line with this, CD4 and CD8 mRNA levels were numerically increased in mice transplanted with α7nAChR -/-BM although this did not reach statistical significance. Aortic mRNA levels of the scavenger receptor CD36 were not altered, nor did we find any differences in expression of tumor necrosis factor-α (TNFα) or the macrophage marker CD68 ( Figure 2C ). Together, these data suggest that lack of α7nAChR signaling was associated with increased Th1 activity but not with significantly increased inflammatory cell infiltration into lesions. Analysis of spleen mRNA did not show any difference between α7nAChR
-/-and wild-type×Ldlr -/-chimeras with regard to CD68, CD4, CD8, or the mannose receptor, a marker for M2 macrophages ( Figure IIA To investigate whether α7nAChR deficiency contributed to the increased T-cell activity, a proliferation assay was used to determine proliferative activity after stimulation with the T-cell mitogen, ConA. Splenocyte proliferation was significantly higher in animals lacking α7nAChR ( Figure 2D ). α7nAChR deficiency caused an increase in IFNγ secretion after ConA stimulation of splenocytes; however, this did not reach statistical significance (P=0.096; Figure 2D ).
Discussion
In the current study, we demonstrate that the absence of α7nAChR from BM cells accelerates atherosclerosis in hypercholesterolemic Ldlr -/-mice. Therefore, a cholinergic signal mediated through this receptor inhibits the disease process. The fact that targeting α7nAChR in BM cells was sufficient to affect disease substantially indicates that hematopoietic cells are major intermediates in this disease-modifying axis. Because the lack of hematopoietic α7nAChR was associated with increased IFNγ expression in atherosclerotic arterial tissue, cholinergic inhibition of atherosclerosis likely involves Th1-type T cells. Furthermore, α7nAChR was identified in human lesions, where it colocalized with a subset of T cells and macrophages. α7nAChR modulation of adaptive and innate immunity likely contributes to the striking effect on atherosclerosis.
It has not been possible to identify α7nAChR protein in mouse lesions by immunostaining although mRNA was detected in lesions of ApoE knockout mice, both at 10 and 20 weeks (data not shown). In fact, all antibodies tested by us showed reactivity also in α7nAChR-targeted mice. This is in line with the experience of others. α7nAChR signaling has important effects on macrophage function. 3, 5 Macrophages lacking α7nAChR exhibit increased Nonstandard Abbreviation and Acronym α7nAChR α7 nicotinic acetylcholine receptor expression of scavenger receptor CD36 and accumulate cholesterol intracellularly. 8 However, CD36 expression was not altered in the α7nAChR -/-×Ldlr -/-chimeric mice of the current study. The cholinergic pathway also modulates adaptive immunity, with significant effects on T-and B-cell function. 9, 10 Vagotomized mice display increased CD4 + T-cell proliferation and cytokine release, 10 suggesting that intact vagal nerve signaling dampens T-cell activation. In line with this, we observed an increased expression of the proatherogenic Th1 cytokine IFNγ in the aorta of α7nAChR
-/-chimeric mice and an increased proliferative response in α7nAChR-deficient splenocytes. Surprisingly, splenic FoxP3 mRNA levels were increased in α7nAChR -/-×Ldlr -/-chimeric mice; however, FoxP3 protein was not altered. Thus, α7nAChR signaling does not seem to influence the number of Th1 cells but rather exert an immunomodulating effect on T cells.
Because α7nAChR ablation in hematopoietic cells increased disease, an endogenous mediator operating through α7nAChR inhibits atherosclerosis. An obvious hypothesis is that this mediator is acetylcholine. In line with this notion, pharmacological inhibition of the enzyme responsible for acetylcholine degradation, cholinesterase, diminishes atherosclerosis in Apoe -/-mice. 11 α7nAChR ligands include not only acetylcholine but also the antagonist kynurenic acid. 12 Interestingly, metabolites of tryptophan degradation through the kynurenine pathway inhibit atherosclerosis. 13 Whether such metabolites also could act as agonists and account for α7nAChR-mediated atheroprotection remains to be determined.
It should be mentioned that the nicotinic receptor family is a heterogeneous one with a large variety of nicotinic receptor subtypes. Previous reports show that nicotine, per se, is atherogenic. 14, 15 To our knowledge, the specific receptor mediating this proatherogenic effect has not been identified and it is possible that several different nicotinic receptors could contribute to this effect.
In conclusion, α7nAChR signaling operating via hematopoietic cells is an important modulator of atherosclerosis. As α7nAChR is expressed in human atherosclerotic lesions, this pathway likely operates also in human disease. Therefore, the α7nAChR pathway may be an interesting target for antiatherosclerotic therapy.
